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ABSTRACT 
 
Because of high computational costs of computational fluid dynamics multi-zone energy 
simulation is currently appraised. Yet, the use of empirical correlations to predict interior 
convective heat transfer (CHT) limits the reliability of building comfort and energy analysis. 
As most of these convection algorithms depend, partially, on the temperature difference 
between the concerned surface and the air, the influence of the modeling of incoming direct 
solar radiation is studied. Simulations of summer comfort in a night cooled office room in 
Belgium are carried out in TRNSYS using different convection algorithms and four methods 
to model the distribution of solar radiation. This work demonstrates that the influence of the 
modeling of incoming solar radiation on the predicted thermal comfort and energy demand is 
inferior to the choice of the CHT correlations. Therefore, before putting considerable effort in 
the modeling of direct solar radiation, an accurate approach of the CHT is regarded necessary. 
 
 
INTRODUCTION 
 
The ideal approach to predict the building performance in detail is to solve the conservation 
equations for the temperature and the velocity fields for a room under consideration. 
However, because of high computational costs of computational fluid dynamics, multi-zone 
energy simulation (ES) is appraised. A key parameter of building performance analysis is the 
prediction of interior convective heat transfer (CHT). The currently used well-mixed model 
treats the room air as uniform and characterizes surface convection by a convective heat 
transfer coefficient (CHTC) and by the temperature difference between the room air and the 
surface, which is also assumed to be of uniform temperature. However, the applicability of 
this approach is at best questionable. This is particularly true under ventilative cooling 
conditions, since the CHTCs are mostly derived from data mainly based on experiments with 
stand-alone surfaces under conditions of natural convection. Recently there is a trend to 
develop new CHTCs for real building surfaces according to the flow regime in the room. The 
reason for this is the influence of the CHTC on the energy consumption and thermal comfort 
predictions. As shown in Goethals and Janssens [1], the choice of the CHT algorithm is of the 
same importance as the choice of the design parameters, such as internal heat gains or sun 
blind control. However, this last finding is predetermined by, amongst others, the modeling of 
the incoming direct solar radiation, since most of the convection algorithms depend, partially, 
on the temperature difference between the air and the surface. Therefore, this study is 
performed to examine the sensitivity of the predicted CHT, and thus building performance, by 
ES to the modeling of the distribution of solar radiation. Simulations of summer comfort in a 
night cooled office room in Belgium are carried out in TRNSYS [2] using three CHT 
algorithms and four methods to model the distribution of direct solar radiation. 
 
SIMULATION MODEL 
 
Building characteristics 
 
The examined room is based on the geometry described by Breesch [3]. Figure 1 shows the 
floor plan and a section. In case of night ventilation – as discussed in Breesch [3] – the choice 
of dimensions – thus the amount of thermal mass – has a significant influence on the 
probability of good thermal comfort. Therefore, the internal dimensions are taken into account 
in the simulation for heat transfer and storage, as laid down in the standard prEN ISO 13791 
[4]. 
 
  
Figure 1. Plan and section of the office.  
 
The basic office, west-oriented, includes an exposed ceiling, a concrete floor, a heavy façade 
with a window and light internal walls. To reduce the solar load on the window, movable 
exterior awnings are chosen. In this case, the solar heat gain coefficient drops from 0.6 to 
0.15.  The composition, the solar absorptance coefficient and the thermal resistance of the 
walls, based on the mean thermophysical properties for dry materials [5], are additionally 
shown in Table 1. The centre lines of the vertical internal walls are considered as adiabatic. 
However, this assumption is incorrect for the horizontal partitions. Not only the composition 
of the floor is asymmetrical, on both sides also different boundary conditions apply. Since 
TRNSYS does not allow to connect two sides of a wall to one zone, a two-zone model – as 
shown in Figure 1 – is set up in which the ceiling of the upper room “c.2” is connected to the 
floor of the bottom office “f.1”. 
 
Table 1. Wall composition and thermal building data 
wall composition a (-) R (m².K/W) 
façade façade brick, air cavity, mineral wool, internal brick 0.49 2.52 
internal wall gypsum board, mineral wool, gypsum board 0.4 1.33 
floor/ceiling light concrete, reinforced concrete, hollow core concrete slabs 0.72 0.35 
 
To characterize uncontrolled air flow through unintentional gaps or cracks, an infiltration air 
change of 0.205h-1 is assumed. This value corresponds to the measured global air tightness in 
nine new Belgian apartments in the SENVIVV study [6] as well as to the results of a 
measurement campaign in 26 multi-family and 38 single-family dwellings [7,8]. 
 
length=4.7m 
width=3.2m 2.4m Afloor=15.04m² Vroom=47.38m³ 
length=4.7m 
f.1 
c.2 
f.2 
c.1 
1.5m height=3.15m 
System characteristics 
 
Mechanical ventilation by day is provided. A design flow rate of 36m³/h [9] is supplied to the 
office near the ceiling and extracted from the corridor – as shown in Figure 1. Moreover, 
when the internal air temperature drops below the heating set point, i.e. 21°C, minus 0.8°C, 
the mechanically supplied air is preheated to the set point temperature, assuming unlimited 
heating power. The heating is stopped when the internal air temperature is increased to the 
heating set point plus 0.2°C. The heating is started up 1h before occupancy and stopped at the 
end of the working day.   
Contrary to the original design, mechanical night ventilation – at 10h-1 – is used. Based on the 
research of Martin and Fletcher [10], an automatic control system is proposed. Furthermore, 
night ventilation at weekends proves useful, particularly for peak ambient conditions. 
 
Table 3. Conditions controlling mechanical night ventilation. 
previous day  at that moment 
θair,internal,max > 23°C  22h<time<6h; θsurface,ceiling > 22°C; θair,internal-θexternal > 2°C θair,internal > 18°C 
 
Finally, when the internal air temperature transgresses 22°C and the incident solar radiation 
exceeds 150W/m² [11], the sun blinds are lowered. At night, they are pulled up when the 
internal air temperature drops below 20°C. 
 
Building use 
 
Internal heat in an office is emitted by the people, lighting and office equipment. For 
passively cooled and non-dehumidified buildings, only sensible heat is important, of which 
70% is assumed to be convective. Consistent with Breesch [3], high internal heat gains, in 
total 28.1W/m², are assumed. The offices are assumed to be occupied during working hours 
from 8h to 17h. 
 
Convective heat transfer coefficients 
 
Usually fixed values of the CHTC, provided in e.g. prEN ISO 13791 [4], are taken as input. 
However, the CHTC varies from surface to surface as well as with time and flow regime [12]. 
As found in literature, different authors have developed correlations for various flow regimes. 
In case of natural convection the CHTC is function of the temperature difference between the 
concerned surface and the air – as shown in equation (1). For horizontal surfaces, the CHTC 
also depends on the flow direction. 
 
( )nnatural CCHTC θ∆⋅= ,          (1) 
 
In equation (1), C and n are semi-empirical coefficients which were determined amongst 
others by Awbi and Hatton [14], Alamdari and Hammond [15] and Khalifa [16]. Furthermore, 
authors like Fisher [17] and Pederson [18] have derived correlations for forced convection as 
a function of the air flow rate. Finally, to characterize mixed convection – representative for 
mechanically ventilated rooms – above mentioned CHTCs can be combined using the 
asymptotic approach of Churchill and Usagi [19], as described by Beausoleil-Morrison [12]. 
 
( ) nnforcednnaturalmixed CHTCCHTCCHTC /1+= ,          (2) 
 
Furthermore, also Awbi and Hatton [20] and Novoselac [21] have tested configurations where 
both mechanical and buoyant forces are important. 
To reduce the number of simulations in this study, three significantly different approaches are 
chosen to predict the CHT: fixed CHTC values as given in prEN ISO 13791, the natural 
convection algorithms derived by Awbi and Hatton and the CHT correlations of Beausoleil-
Morrison, which are based on the CHTCs of Alamdari and Hammond and the Fisher 
correlations. Figure 2 and 3 compare the predicted heat flux at respectively horizontal and 
vertical surfaces, as a function of the temperature difference between the surface and the air, 
in case of night ventilation. Assuming a temperature difference of 5K between the supplied 
air and the surface under consideration, the strong influence of the correlations on the 
predicted heat flux is clear. prEN ISO 13791 and Beausoleil-Morrison take the direction of 
the heat flow into account, while Awbi and Hatton’s correlations are only applicable for 
heated surfaces. In addition, the Beausoleil-Morrison CHTCs for vertical surfaces are 
established for both assisting and opposing forces, due to natural and forced convection. 
However, in Figure 3, only the correlation for opposing forces is displayed in accordance with 
the boundary conditions of night ventilation. Moreover, because of the inclusion of the forced 
convection term, Beausoleil-Morrison predicts higher fluxes at low temperature differences, 
especially in case of night ventilation. 
 
  
a) b) 
Figure 2. Predicted convective heat flux at a) ceiling and b) floor during night ventilation. 
 
 
Figure 3. Predicted convective heat flux at the wall during night ventilation. 
 
To obtain a converged solution, the air and surface temperatures of the previous time step are 
taken into account, while the system controls, i.e. air flow rate and air supply temperature, of 
the current time step are used to adapt the value of the CHTC. Based on a convergence study, 
a time step of 30s is regarded appropriate – as shown in Figure 4. 
   
Figure 4. Time convergence study (preliminary simulation model). 
 
Incoming direct solar radiation 
 
In TRNSYS, the direct solar radiation, coming in through the window, is distributed 
according to distribution coefficients, related to the total solar radiation. The fraction of 
incoming direct radiation that is absorbed by any surface is given by the product of the solar 
absorptance a-value times the distribution coefficient for this given surface. Meanwhile, the 
incoming diffuse radiation and the reflected primary solar radiation are distributed according 
to absorptance weighted area ratios. By default, TRNSYS sets the distribution coefficients to 
zero. In this case, the direct radiation is distributed the same way as the diffuse radiation, i.e. 
by absorptance weighted area ratios. Besides this, additional simulations are performed using 
constant fractions of the total entering solar radiation that strike the surfaces. Each internal 
vertical surface, except for the façade wall, receives a fraction of 0.2 while 40% of the solar 
radiation strikes the floor. Finally, the distribution is calculated, based on the position of the 
sun, using uniform or discretized surfaces. The direct solar radiation from climate data is cast 
on the surfaces, taking the following parameters of the window into account: size, orientation 
and position in the façade wall. Meanwhile, the dimensions of the room under consideration 
are used as boundary conditions. By using the solar zenith and azimuth angle, the absorbed 
solar radiation is made time-dependent. In case of discretized surfaces, the movement of the 
sun patches along the surfaces is modelled in a more detailed way. Taking the limitation in 
TRNSYS of maximum number of surfaces per zone into account, a grid of 7x4x4 (length x 
width x height) – as defined in Figure 1 – is used to discretize the floor and the vertical walls, 
except for the façade wall. If the centre of a grid surface is located in the sun patch, the 
distribution coefficient is determined, relative to the total number of sunlit grid surfaces. 
Otherwise, a zero value is used. 
 
Performance indicators 
 
To evaluate the thermal comfort two criteria are chosen. The weighted temperature excess 
method (GTO) [22] has been chosen because it is suited for an evaluation concerning the 
entire summer period. To take adaption into account, the adaptive temperature limits indicator 
(ATG) [23] is used.  A type beta building is assumed and the upper limits are considered. A 
number of weighted working hours less than 150h and indoor operative temperatures mainly 
in classes A and B, means good comfort. Furthermore, the annual amount of heat to be taken 
out of the building by active cooling, with (AC+NV) and without night ventilation (AC), is 
used as an indicator. In both cases, a comfort level B is used as the set point for cooling 
during office hours. The cooling system is 100% convective and ideally controlled. 
 
SIMULATION RESULTS 
 
Table 4, 5 and 6 give the results of the building simulation of the office model for different 
CHTC correlations. Each table comprises the results obtained with the four methods to model 
the distribution of direct solar radiation. Moreover, the simulation results are both given in 
absolute values and relative to the default treatment in TRNSYS, except for the ATG. 
Comparison of the overall results obtained with the three convection algorithms shows that 
the algorithms of Awbi and Hatton produce the worst results: the GTO is two times the value 
of the results of the other correlations. This can be explained by the prediction of smaller heat 
fluxes during most of the time – as shown in Figure 2 and 3. Meanwhile, the results obtained 
with prEN ISO 13791 and Beausoleil-Morrison are similar, except for the ATG and the 
cooling demand with night ventilation. The fact of matter is that the effect of night ventilation 
using Beausoleil-Morrison’s CHTCs is smaller, which results in a higher active cooling 
demand in case night ventilation is applied. 
 
Table 4. Results of building simulation with CHTC correlations of prEN ISO 13791 
Incoming solar 
radiation GTO (h) 
ATG (h) cooling demand (kWh/m².year) 
- -C -B A +B +C - AC AC+NV 
Diffuse radiation 53.40 0 0 6 439 234 128 192 13.17 2.40 
Constant 45.19 
(85%) 
0 0 61 624 208 79 81 13.21 
(100%) 
2.41 
(100%) 
Time-dependent-
uniform 
45.39 
(85%) 
0 0 52 639 212 72 78 13.36 
(101%) 
2.48 
(103%) 
Time-dependent-
discretized 
49.48 
(93%) 
0 0 55 604 217 94 83 13.67 
(104%) 
2.46 
(103%) 
 
Table 5. Results of building simulation with CHTC correlations of Awbi and Hatton-natural 
Incoming solar 
radiation GTO (h) 
ATG (h) cooling demand (kWh/m².year) 
- -C -B A +B +C - AC AC+NV 
Diffuse radiation 115.39 0 0 62 435 241 115 200 12.85 5.27 
Constant 116.53 
(101%) 
0 0 62 435 237 117 202 12.88 
(100%) 
5.29 
(100%) 
Time-dependent-
uniform 
116.39 
(101%) 
0 0 61 446 231 130 185 13.00 
(101%) 
5.23 
(99%) 
Time-dependent-
discretized 
126.29 
(109%) 
0 0 56 432 224 128 213 13.09 
(102%) 
5.46 
(104%) 
 
Table 6. Results of building simulation with CHTC correlations of Beausoleil-Morrison 
Incoming solar 
radiation GTO (h) 
ATG (h) cooling demand (kWh/m².year) 
- -C -B A +B +C - AC AC+NV 
Diffuse radiation 52.23 0 0 6 488 243 123 193 13.17 4.94 
Constant 53.40 
(102%) 
0 0 6 493 234 128 192 13.19 
(101%) 
4.97 
(100%) 
Time-dependent-
uniform 
52.08 
(100%) 
0 0 6 474 252 121 200 13.32 
(101%) 
4.99 
(101%) 
Time-dependent-
discretized 
47.45 
(91%) 
0 0 4 449 264 141 195 13.73 
(104%) 
5.17 
(105%) 
 
The simulation results with prEN ISO 13791 are the most sensitive to the modeling of direct 
solar radiation, a difference of up to 15%. This is because the CHTC is independent of the 
temperature difference between the air and the surface under consideration. In case of Awbi 
and Hatton and Beausoleil-Morrison, only the time-dependent calculation using discretized 
surfaces produces considerably different results – up to 10% difference. Moreover, the 
CHTCs of Awbi and Hatton predict an increased GTO-value, contrary to the results with 
Beausoleil-Morrison. This can be explained as follows. Compared to simulations with 
uniform surfaces, the temperature differences between the air and the surfaces tend towards 
the limits in case of the last solar radiation modeling method. The surface temperature of a 
sunlit grid surface increases significantly while the temperature of a shaded surface comes 
close to the air temperature. As shown in Figure 2 and 3, the CHTC of Beausoleil-Morrison 
mostly predict a higher heat flux, even at a small temperature difference, which explains the 
lower predicted GTO-value. 
 
CONCLUSIONS 
 
This work demonstrates that the influence of the modeling of the distribution of solar 
radiation on the predicted thermal comfort and energy demand is inferior to the choice of the 
CHT correlations. One could conclude that before putting considerable effort in the modeling 
of incoming solar radiation, an accurate approach of the CHT is necessary. However, in this 
particular case, the influence of the direct solar radiation modeling is limited by the sun blind 
control, despite of the critical west orientation. Thus, the relative importance of advanced 
modeling of the CHT and of the incoming direct solar radiation is case-specific. 
 
DISCUSSION 
 
The results of this paper should not be generalized without paying attention to the context of 
the case. However, the results demonstrate nonetheless the need for more accurate approaches 
in ES for the range of flow regimes experienced within buildings. Also the ability to select an 
appropriate method for the case at hand and to adapt CHT modeling to changes in the flow is 
regarded necessary. In specific cases, e.g. a room with only a massive floor, a detailed 
calculation of the distribution of incoming solar radiation should be performed additionally.    
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